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SUMMARY 

The .performance of a 4.25-inch radial compressor was 
evaluated using a helium-xenon gas mixture. Compressor perform- 
ance was mapped during the Brayton cycle power system testing at 
Lewis Research Center. The range of testing included three 
shaft speeds: the design speed of 36,000 rpm, 10 percent over- 

speed (39,600 rpm), and 10 percent underspeed (32,400 rpm). A 
range of compressor inlet temperatures from 60° F to 120° F and 
discharge pressures from 20 to 45 psia was included. The effects 
of turbine inlet temperatures (from 1200° F to 1600° F) on the 
compressor were also studied. The data presented include plots 
of weight flow,- compressor pressure ratio, efficiency, and tem- 
perature-rise ratio. 


INTRODUCTION 

Several electrical power generating systems have been de- 
signed and developed for space applications. A system which 
has considerable interest is a single-shaft dynamic system which 
operates on a Brayton thermodynamic cycle. The system is de- 
signed to provide 2 to 15 kW of useable power at 1200 Hz. 

The power system consists of two major components, viz., a 
Brayton rotating unit (BRU - a turbine, alternator, and compressor 
supported on a single shaft by gas bearings) and a set of heat ex- 
changers (ref. 1) . The turbomachinery is designed to operate at 
36,000 rpm. A helium-xenon gas mixture, which has a molecular 
weight of nominal 83.8, was used as the working fluid and was 
heated by an electric heat source. Previous studies of the BRU 
performance, operating with argon and krypton gas, are reported 
in reference 2. An investigation of the power system operating 
with krypton gas is presented in reference 3 while the system 
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using a helium-xenon gas mixture is evaluated in references 4 
and 5. A study of the performance, in argon, of the 4. 25- inch 
compressor which is used in the BRU is evaluated in reference 6. 

Preliminary results of an investigation of the performance 
of the 4. 25- inch compressor operating as a component of the power 
system and with helium-xenon gas are presented in this report. 

Data are presented for ranges of compressor inlet temperatures, 
compressor discharge pressures, and speeds. The effects of tur- 
bine inlet temperatures fr'Om 1200° F to 1600° F on compressor 
performance were also studied. The data presented herein cover 
a broad spectrum of compressor operating conditions, using helium- 
xenon gas, and will be useful in future design work in power sys- 
tems of this type. 


APPARATUS AND PROCEDURE 
Description of Compressor 

The radial compressor under study was designed for a nomi- 
nal 6-kilowatt Brayton cycle space electrical power system. The 
working fluid for the system is a mixture of helium-xenon (He-Xe) 
gas having a molecular weight of nominal 83.8. A summary of com- 
pressor design point values for the reference design power level 
is given in Table 1. Additional information on the compressor 
design can be found in references 6 and 7. 

The compressor impeller has 15 blades that at the impeller 
exit are curved backward 30° from radial. The impeller-inlet 
blade-tip diameter is 2.60 inches. At its exit, the impeller is 
4.25 inches in diameter and has a blade height of .205 inch. A 
vaneless diffuser occupies a .085-inch radial gap between the im- 
peller exit and the vaned diffuser. The vaned diffuser contains 
17 vanes .213 inch high that are an integral part of the scroll 
assembly. 


Test Facility 

The compressor was tested as part of the overall testing of 
the Brayton cycle power system at NASA-Lewis Research Center. A 
schematic diagram of the system is shown in Appendix A. *■ 

The system main components are the Brayton rotating unit (BRU) 
and the Brayton heat exchanger unit (BHXU) . The test support equip- 
ment includes an electric heat source, a gas-management module, a 
gas-reclamation module, and a heat-rejection module. The entire 
gas loop was insulated with a high- temperature quartz blanket. The 
insulation was generally 6 inches thick; the duct from the waste 
heat exchanger to the compressor inlet, the compressor itself, and 
the ducting from the compressor to the recuperator'* s high-pressure 
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side inlet were enclosed by 2 inches of insulation. The BRU speed 
was controlled by a speed control utilizing a parasitic load bank 
to dissipate generated power in excess of that consumed by a simu- 
lated vehicle load. A complete description of the Brayton cycle 
main components and test support equipment can be found in refer- 
ence 3. 


Instrumentation 

Instrumentation used consisted of pressure transducers, tem- 
perature sensors, turbine flowmeters, capacitance-type proximity 
probes, and speed sensors. Absolute pressures were measured by 
means of a static-pressure tap and a strain-gage type of trans- 
ducer, at both the inlet and outlet of the compressor. For the 
venturi at the compressor inlet, differential pressure was mea- 
sured with a differential strain-gage transducer; gas flow rate 
was calculated accordingly. The BRU bearing clearances were 
sensed by means of capacitance type of proximity probes. 

All data were recorded by means of an on-line digital data 
system and printed out in engineering units by an electric type- 
writer. 


Procedure 

The gas-loop startup and shutdown techniques were similar to 
those described in reference 3. During the test, constant values 
of BRU speed, compressor inlet temperature, and turbine inlet tem- 
perature were maintained while compressor discharge pressure was 
varied. 

The investigation was conducted through a turbine inlet tem- 
perature range of 1200 to 1600° F and compressor discharge pressure 
range of 20 to 45 psia at compressor inlet temperatures of 60, 80, 
100, and 120° F. The BRU was also tested at three different speeds: 
the designed speed of 36,000 rpm, 10 percent over design speed 
(39,600 rpm), and 10 percent under design speed (32,400 rpm). 

The turbine inlet temperature was set by a gower controller for 
the electric heater and was maintained within ^3 F of the nominal 
value. Compressor discharge pressure was set by changing the gas 
inventory in the loop and was maintained within .10 psi. The BRU 
speed was set by changing the characteristics of the speed controller 
and was set within 50 rpm of the nominal value. 


DISCUSSION 

The performance of the BRU 4.25-inch radial compressor is pre- 
sented in figures 1-9 for the following ranges of test variables: 
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Rotational speed: 32,400 - 39,600 rpm 

Turbine inlet temperature: 1200 - 1600° F 


Compressor discharge pressure: 20 - 45 psia 

Compressor inlet temperature: 60 - 120° F 


The impact of these variables on weight flow and compressor 
pressure ratio is shown in figures 1-6, and the effects on'vtempera- 
ture rise ratio and compressor efficiency are presented in figures 
7 and 8 respectively. The equivalent weight flow and compressor 
speed are presented in figure 9 with compressor efficiency and • 
pressure ratio. 

Flow Rate 

The effects of compressor discharge pressure on weight flow 
are shown in figures 1 through 5. The weight flow increases with 
increasing discharge pressure, (P^p) , rotative speed , and with de- 
creasing turbine inlet temperature and compressor inlet tempera- 
ture. The maximum weight, flow of 1.435 Ib/sec occurred at ; a com- 
pressor inlet temperature of 60° F, compressor discharge pressure 
of 45 psia, turbine inlet temperature of 1200° F and 39,600 rpm 
(fig. lc) .. ... , y ’ • ‘ • V , . 

Compressor Static Pressure Ratio \ 

The compressor static, pressures ratios (discharge to inlet, 
Pcd^cI-^ obtained are presented in figures 1 through 6. Figures 
1 through 5 show the effects of compressor discharge pressure on 
compressor pressure ratio for constant compressor inlet tempera- 
tures whereas figure 6 shows effects of compressor discharge 
pressure for lines of constant turbine inlet temperature on com- 
pressor pressure ratio. The compressor pressure ratio increases 
with increasing speed and turbine inlet temperature; decreases 
slightly with increasing discharge pressure and compressor inlet 
temperature. At a turbine inlet temperature of 1600° F and speed 
of 36,000 rpm (figure 5b) increasing the compressor inlet tempera- 
ture from 60° to 120° resulted in a decrease in compressor pressure 
ratio from approximately 1.96 to approximately 1.82. 


Compressor Temperature Rise Ratio 


The effects of compressor discharge pressure on compressor 
temperature rise ratio are presented in figure 7 . ' The temperature 
rise ratio is 
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where 


T 

CD 


- Compressor discharge temperature 


T = Compressor inlet temperature 

The temperature rise ratio (figure 7) increased with decreas- 
ing speed. Compressor discharge pressure and turbine inlet tem- 
perature have very little effect on the temperature rise ratio. 

The increased compressor discharge temperatures due to the BRU in- 
sulation resulted in compressor temperature rise ratios which were 
higher than those calculated during previous tests. 


Compressor Efficiency 


The effects of compressor discharge pressure on compressor 
ef ficiency , ^ , are presented in figure 8. The efficiency is de- 
fined as: ' 


where 




Cl 


CD 
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Cl 


CD 


Compressor inlet temperature, °R 
Compressor discharge pressure, psia 
Compressor inlet pressure, psia 
Compressor discharge temperature, °R 


The compressor efficiency (figure 8) increased slightly with 
increasing discharge pressure and turbine inlet temperature. The 
efficiency decreased with increasing compressor inlet temperature 
and with speed (figure 8) . The indicated efficiency varied from 
approximately 69 to 75 percent during the test. The efficiencies 
observed during the test were lower than those calculated during 
previous tests. As mentioned in the apparatus section, the BRU 
was insulated. This reduced the heat loss and increased the com- 
pressor discharge temperature, resulting in lower calculated effi- 
ciencies . 


Standardized Compressor Data 

The data shown in figure 9 are presented in the conventional 
method used in compressor studies. The effects of equivalent 
weight flow WjfiL on compressor efficiency, pressure ratio, and 
equivalent spefed are shown. The data are plotted, for constant 
ratios of constant turbine inlet temperature to compressor inlet 
temperature for the range of turbine inlet temperature from 1200 
to 1600° F. As the equivalent weight flow is increased, the com- 
pressor equivalent speed and pressure ratio increase. The com- 
pressor efficiency shows only a \j j.ghi- variation over the entire 
range. 
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CONCLUDING REMARKS 


The performance characteristics of a M.S-inch radial com- 
pressor, as part of the BRU, using He-Xe gas were obtained 
during operation of a Brayton cycle power system. The test 
parameters included a range of compressor, inlet temperatures, 
turbine inlet temperatures, compressor discharge pressures and 
rotative speeds. These test parameters were independently' 
varied to obtain pressure ratio, weight flow, temperature rise 
ratio and efficiency characteristics of the compressor. 

The preliminary results of the experimentation showed: 

1. Compressor static pressure ratio increased with in- 
creasing rotational speed and turbine inlet temperature but 
decreased with increasing compressor inlet temperature. Com- 
pressor pressure ratio was not significantly affected by com- 
pressor discharge pressure. 

2. Compressor weight flow changes linearly with compressor 
discharge pressure over the experimental range. Small increases 
in weight flow were observed with decreasing compressor inlet 
temperature, with increasing rotational speed and turbine inlet 
temperature. 

3. Decreasing the compressor inlet temperature and/or in- 
creasing the rotational speed produced an increase in the tempera 
ture rise ratio. Compressor discharge pressure and turbine inlet 
temperature had virtually no effect on the compressor temperature 
rise ratio. 

4. Compressor efficiency was slightly affected by rota- 
tional speed; large increases in compressor efficiency resulted 
by decreasing compressor inlet temperature. Turbine inlet tem- 
perature effect on efficiency was insignificant. 


Lewis Research Center, 

National Aeronautics and Space Administration, 
Cleveland, Ohio, December 14, 1971. 
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TABLE I. - COMPRESSOR DESIGN PARAMETERS 


Working fluid, HeXe mixture with molecular weight 


of nominal 83.8 

Inlet total pressure, P^, psia; 13.5 
Inlet total temperature, T-^, °R 540 
Weight flow rate, W, lb/sec 0.756 
Compressor total-pressure ratio, Pg/P-^ 1.9 
Compressor total-temperature ratio, Tg/T-^ 1.37- 
Compressor efficiency, g 0.80 
Impeller total-pressure ratio, P^/P-g 2.03 
Impeller efficiency, 0.895 
Rotative speed, RPM 36 000 
Impeller tip speed, U^g, ft/sec 667 
Specific speed, N g 0.11 
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Figure I: Effect of Cbmpressor Discharge Pressure on Compressor 
Pressure Ratio, and Weight Flow using Helium-Xenon Gas 
at a Turbine Inlet Temperature of 1200 F, 

(a) Rotational Speed 32,hOO RPM. 
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Figure It Effect of Compressor Discharge Pressure on Compressor 
Pressure Ratio, and Weight Flow Using Helium-Xenon Gas 
at a Turbine Inlet Temperature of 1200 F 
(b) Rotational Speed 36,000 KPM. 
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Figure 1. Effect of Compressor Discharge Pressure on Compressor 
Pressure Ratio, and Weight Flow Using Helium-Xenon Gas 
at a Turbine Inlet Temperature of 1200 F 
(c) Rotational Speed 39,600 RPM. 
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Figure 2: Effect of Compressor Discharge Pressure on Compressor 
Pressure Ratio, and Weight Flow using Helium-Xenon Gas 
at a Turbine Inlet Temperature of 1300 F and Rotational 
Speed of 36,000 RPM. 
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Figure 3: Effect of Compressor Discharge Pressure on Compressor 
Pressure Ratio, and Weight Flow using Helium-Xenon Gas 
at a Turbine Inlet Temperature of 11*00 F. 

(a) Rotational Speed 32,1*00 RPM. 
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Figure 3*. Effect of Compressor Discharge Pressure oti Compressor 
Pressure Ratio, and Weight Flow using Helium-Xenon Gas 

at a Turbine Inlet Temperature of lUOO F. 

(b) Rotational Speed 36,000 RPM. 
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Figure 3: Effect of Compressor Discharge Pressure on Compressor 
Pressure Ratio, and Weight Flow using Helium-Xenon Gas 
at a Turbine Inlet Temperature of li*00 F„ 

(c) Rotational Speed 39,600 RPM. 
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Figure U: Effect of Compressor Discharge Pressure on Compressor 
Pressure Ratio, and Weight Flow using Helium-Xenon Gas 
at a Turbine Inlet Temperature of 1500 F and Rotational 
Speed of 36*000 RPMw 
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COMPRESSOR DISCHARGE PRESSURE, P^PSIA) 

Figure Effect of Compressor Discharge Pressure on Compressor 
Pressure Ratio, and Weight Flow using Helium-Xenon Gas 
at a Turbine Inlet Temperature of 1600 F.. 

(a) Rotational Speed 32 ,L00 RPM. 
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Figure $: Effect of Compressor Discharge Pressure on Compressor 
Pressure Ratio, and Weight Flov using Helium-Xenon Gas 
at a Turbine Inlet Temperature of 1600 F. 

(b) Rotational Speed 36,000 RPM 0 
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Figure $: Effect of Compressor Discharge Pressure on Compressor 
Pressure Ratio, and Weight Flow using Helium-Xenon Gas 
. at a Turbine Inlet Temperature of 1600 F. 

(c) Rotational Speed 39,600 RPM„ 
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Figure 6: Effect of Compressor Discharge Pressure on Compre©or 
Pressure Ratio For Compressor Inlet Temperatures of 
60 F, 80 F, 100 F, and 120 F using Helium-Xenon Gas, 
(a) Rotational Speed 32,1*00 
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Figure 6: Effect of Compressor Discharge Pressure on Compressor 
Pressure Ratio for Compressor Inlet Temperatures of 
60 F, 80 F, 100 F, and 120 F using Helium- Xenon Gas. 
(b) Rotational Speed 36,000 
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Figure 6: Effect of Compressor Discharge Pressure on Compressor 
Pressure Ratio For Compressor Inlet Temperatures of 
60 F, 80 F, 100 F, and 120 F using Helium-Xenon Gas. 
(e) Rotational Speed 39*600 
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Figure 7 Effect of Compressor Discharge Pressure on the Compressor 
Temperature Rise Ratio at Compressor Inlet Temperatures 
of 60 F, 80 F, 100 F, and 120 F using Helium-Xenon Gas. 

( *.) Turbine Inlet Temperature 1200 F 
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Figure 7 : Effect of Compressor Discharge Pressure on the Compressor 
Temperature Rise Ratio at Compressor inlet Temperatures 
of 60 F, 80 F, 100 F, and 120 F using Helium-Xenon Gas. 
(b) turbine inlet Temperature 1300 F 
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Figure 7s Effect of Compressor Discharge Pressure on the Compressor 
Temperature Rise Ratio at Compressor Inlet Temperatures 
of 60 F , 80 F , 100 F, and 120 F using Helium-Xenon Gas. 
(c) Turbine Inlet Temperature lkOO F 
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Figure 7 : Effect of Compressor Discharge Pressure on the Compressor 
Temperature Rise Ratio at Compressor Inlet Temperatures 
of 60 F, 80 F, 100 F, and 120 F using Helium-Xenon Gas. 
(d) Turbine Inlet Temperature 1500 F 
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Figure 7 Effect of Compressor Discharge Pressure on the Compressor 
Temperature Rise Ratio at Compressor Inlet Temperatures 
of 60 F, 80 F, 100 F, and 120 F using Helium-Xenon Gas. 
(e) Turbine Inlet Temperature 1600 F 
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Figure 8 : Effect of Compressor Discharge Pressure on Compressor 
Efficiency at Rotational Speeds of 32,UOO, 36,000, 
and 39,600 RPM using Helium- Xenon Gas, 

(a) Turbine Inlet Temperature 1200 F 
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Figure 8: Effect of Compressor Dixcharge Pressure on Compressor 
Efficiency at a Rotational Speed of 36,000 RPM 
using Helium-Xenon Gas. 

(b) Turbine Inlet Temperature 1300 F 
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Figure 8 * Effect of Compressor Discharge Pressure on Compressor 
Efficiency at Rotational Speeds of 32,it0O, 36,000, 
and 39,600 RPM using Helium- Xenon Gas. 

(c) Turbine Inlet Temperature U 4 OO F 
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Figure 8 : Effect of Compressor Discharge Pressure on Compressor 
Efficiency at Rotational Speeds of 32,Ii0O, 36,000, 
and 39 , 6 00 RPM using Helium-Xenon Gas. 

(e) Turbine Inlet Temperature 1600 F 
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Figure 9s Effect of Equivalent Weight Flow on the Equivalent 
Compressor Speed, Compressor Pressure Ratio, and 
Compressor Efficiency. 
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